Abstract: A scheme for parametric optical frequency comb (OFC) generation using an electroabsorption modulated laser (EML) based optoelectronic oscillator is proposed and experimentally demonstrated. A phase modulator is cascaded with EML in the oscillating loop. In addition, the phase modulated laser is used as pump seeds for the parametric frequency mixer. In the mixer, a 100-m single-mode fiber is employed to compress the pump pulses, and the parametric process is stimulated in a 200-m-high nonlinear fiber (HNLF) with flat normal dispersion. In our experiments, a 10-GHz radio frequency signal with a sidemode suppression radio of 47 dB and a single-sideband phase noise of −109.89 dBc/Hz at 10 kHz offset is obtained. When the pump power injected into HNLF is 28 dBm, a 10-tone parametric OFC with a 5-dB power variation and spacing equal to the oscillation frequency is generated.
Introduction
Optical frequency combs (OFCs) with high coherence, great flatness and stability are attractive for diverse applications such as time and frequency metrology [1] , arbitrary waveform synthesis [2] , wavelength division multiplex (WDM) communication [3] and so on [4] . The method of external modulation of continues-wave (CW) light has been frequently used to generate OFCs owing to its advantages of adjustability and stability [5] - [7] . However, it has been found that the number of comb lines generated with this method is determined by the modulation depth. And more electro-optical phase modulators (PMs) have to be cascaded to produce more frequency lines [8] . Recently, it has attracted more and more attention to achieve spectrum expansion and flatness enhancement in OFC generation by using parametric multicasting mixers [9] - [12] . And the traditional parametric mixers are pumped by two free-running continuous-wave (CW) lasers [9] , leading to the linewidth of comb lines increasing quadratically with the line order [10] . To cancel this spectral linewidth broadening and noise growth in parametric OFC generation, phase-correlated pump seeds are required. In [10] , two distributed-feedback (DFB) slave lasers injection locked by two sidebands of a phase modulated CW laser are employed to seed parametric mixers. Alternatively, cascaded Mach-Zehnder modulator (MZM) and PM are used to provide pumps for the generation of broadband parametric OFCs in [11] , [12] . Consequently, in these works, a radio-frequency (RF) signal source is needed to drive the modulators. On the other hand, it has been found that the phase noise of the phase/intensity-modulated laser shows a linear increase with the sideband order and that the slope corresponds to the amount of the phase noise in the external RF synthesizer [13] . As a result, the phase noise performance of the comb lines generated by using electro-optical modulators (EOMs) may also be poor, especially when a high frequency RF signal used. This is because the output signals of a high-frequency RF synthesizer are usually derived from frequency multiplication of a low-frequency quartz oscillator, which also multiplies the phase noise [14] . To overcome this limitation, some schemes of self-oscillating OFC generators have been proposed and experimentally demonstrated [14] - [16] . In these works, an EOM-based OFC generator is embedded in an optoelectronic oscillator (OEO) topology, where the generated optical comb is photo-detected to produce a microwave output to drive the modulators. So, no frequency synthesizer is required, and the phase noise of the RF driving signal is low and frequency-independent [14] . An MZM and a PM are cascaded in the oscillation loop to generate optical frequency combs in [15] , while a dualdrive MZM is used in [16] . Large-signal RF inputs are fed back to these modulators to generate more sidebands [8] , [16] . Alternatively, a monolithic OFC generator consisting of a PM and a Fabry-Perot (FP) resonator has been employed to replace the conventional EOMs in the OEO loop [14] . For these schemes, a CW laser is used to provide carriers for the modulator, and a larger coupling loss between the two components is usually introduced.
In contrast to traditional LiNbO 3 MZMs, electroabsorption modulators (EAMs) have the advantages of fast response and low power consumption. Also, their insertion loss has been demonstrated to be as low as 5.2 dB at 1550 nm [17] . An EAM has been employed in a dual-loop OEO, and the generated electrical signal is used to drive two PMs outside of the OEO loop to produce chirped pulses for the generation of short pulses [18] . Meanwhile, EAMs have another more attractive advantage over MZMs, i.e., they can be integrated with lasers easily in a quite small size and have been widely used as transmitters in long distance and high-speed optical fiber communication systems [19] . So, in our work, we replace a CW laser and an MZM or an EAM in an OEO loop with an electroabsorption modulated laser (EML) to design a self-starting parametric OFC generator. In this generator, a PM cascaded with the EML is also embedded in the oscillation loop to produce chirped pulses. As a result, the pulses have a higher stability than those generated by use of the scheme with PMs at outside of the oscillation loop in [18] . And then these chirped pulses are compressed in a length of single mode fiber (SMF) and then launched into a section of highly nonlinear fiber (HNLF) to realize parametric mixing after optical amplification. In our experiments, a 10-GHz RF signal with a side-mode suppression radio (SMSR) of 47 dB and a single side band (SSB) phase noise of −109.89 dBc/Hz at 10 kHz offset is generated. After pulse compression and parametric mixing, a 10-tone comb with a spacing of 10 GHz in a power variation of 5 dB is obtained.
Compared with the existing OFC generators based on external modulation [5] - [7] , [10] - [13] , our scheme has the advantage of no need of a microwave source, and it can also be adjustable if an electrical bandpass filter (BPF) with a tunable central frequency is used in the oscillation loop. Also, compared with the methods of self-oscillating OFC generation [14] - [16] , [18] , the coupling loss between the CW laser and the modulator is reduced by using of EML, and the driving power for PM is decreased since the spectrum expansion can be achieved outside the loop with parametric process. So, our scheme also has the advantages of large bandwidth and low power consumption.
Principle
The schematic diagram of our proposed parametric frequency comb generator based on an optoelectronic oscillator is shown in Fig. 1 . It consists of an optoelectronic oscillation loop and a parametric frequency mixer. In the optoelectronic oscillation loop, the laser from an EML is phase modulated, and a polarization controller (PC) is used to align the polarization of the laser to the PM. The output laser of the PM is amplified by an Erbium-doped optical fiber amplifier (EDFA1) to control the gain of the optical loop. Then, a part of the amplified signal is delayed with a section of standard single mode fiber (SMF1) and detected by a photo-detector (PD). The output electrical signal from PD is amplified with an electrical amplifier (EA1), and a BPF with a narrow bandwidth is adopted to suppress the unwanted transmission resonances. The output signal from BPF is fed back to drive the EML and PM to form a closed oscillation loop. The oscillation frequency is determined by the center frequency of the BPF. The power fluctuation of the generated OFC in the loop can be improved by adjusting another electrical amplifier (EA2) and a RF phase shifter (PS).
The output power of the EML depends on voltage applied to the EAM. If the voltage is V i n , the output optical power of the EML is described as [19] :
where V a and a are fitting parameters, P max is the output optical power of the EML with zero modulation voltage applied, and ε max is the maximum extinction obtained by the modulator. When the feedback signal with an amplitude of V 1 and a frequency of ω is applied to the EML, V i n is expressed as,
where V bi as is the direct current (DC) bias voltage. The output electrical field of the EML is [19] ,
where α H is the chirp parameter. This signal laser is then phase modulated, and the output electrical field of the PM can be described as,
where V π and V 2 are respectively the half-wave voltage and the amplitude of the driving signal applied to PM, and θ is the relative phase shift between the signals driving EML and PM. From Eq. (3) and Eq. (4), it can be seen that chirped pulses are produced when the oscillation is achieved. After optical amplification, a portion of the pulse laser is injected into SMF1 and detected with PD to form an oscillation loop. Another portion of the laser is launched into the parametric frequency mixer, where the pulses are compressed when propagating in SMF2 due to the interactions between dispersion and chirps. After optical amplification with EDFA2, the compressed pulses are coupled into a length of HNLF to stimulate multistage four-wave-mixing (FWM), and more parametric sidebands are generated. An efficient parametric OFC generation relies on the pump power and the degree of phase-matching that can be achieved across the operating bandwidth [9] . Here, a section of HNLF with flat normal dispersion is adopted to ensure phase-matching over a broadened spectral span and suppress the parametric noise induced by modulation instability [9] .
Experimental Results and Discussions
Based on the above principle of operation, proving experiments and simulation are performed.
In the experiments, an EML (CyOptics LIM400) with a 3-dB bandwidth of 30 GHz working at 1549.87 nm is employed. It is biased at 1.5 V, and the output power is 2.7 dBm. The PM (Covega) has a 3-dB bandwidth of 10 GHz and a half-wave voltage of 3.5 V. The gain of EDFA1 is 16 dB. The amplified signal is split with a 60/40 optical coupler. 40% of the signal is injected into SMF1 and then photoelectrically detected by a PD with a 3-dB bandwidth of 30 GHz. The generated electrical signal is amplified with EA1 and bandpass filtered by a BPF centered at 10 GHz with a 3-dB bandwidth of 150 MHz. So, a 10-GHz RF signal is produced, and it is feedback to drive the EML and the PM. In the loop, the length of SMF1 is 1km for a trade-off: a longer fiber would take the phase noise spurs forward with no significant improvement for the lower frequency part of SSB phase noise spectrum [20] . In the parametric mixer, 60% of the output signal from EDFA1 is launched into SMF2 with a length of 100 m, and then amplified with EDFA2 (Amonics) to act as parametric pumps. Consequently, multistage FWM occurs in the 200-m HNLF, and a parametric frequency comb is created. The nonlinear coefficient of HNLF is larger than 10 W −1 km −1 , and its dispersion coefficient and dispersion slope are respectively −2.569 ps/nm/km and 0.005 ps/nm 2 /km. In the experiments, both an electrical spectrum analyzer (ESA: CETC41 AV4051E) and an optical spectrum analyzer (OSA: YOKOGAWA AQ6375B) are utilized to monitor the electrical signal and the optical signal in the OFC generator.
For our used EML (LIM400) in the experiments, its output power is measured when adjusting the DC bias voltage. The measured results are fitted with Eq. (1), and these results give values of P max = 4.5 mW, ε max = 1/27, V a = 1.5 V and a = 2.5. The measured output spectrum of PM is shown in Fig. 2 , and simulated results are also presented in the figure as a comparison. It can be seen that the two results exhibit a good agreement, and more sidebands are observed, which shows a stable oscillation realized. The spectrum is asymmetrical due to the phase shift between the two driving signals for EML and PM. Fig. 3 shows the spectra of generated RF signal observed by ESA. A spectral line of 10 GHz is clearly observed in the span of 20 GHz in Fig. 3(a) . When the span is set to be 1 MHz and the resolution bandwidth (RBW) is 1 kHz, some side-modes are observed due to non-ideal mode selection. The mode spacing is 200 kHz, which corresponding to the free spectral range (FSR) of the OEO with a 1-km SMF1 in the loop. The side mode suppression ratio (SMSR) is about 47 dB, and according to Fig. 3(b) , the oscillating frequency is measured to be 9.98404 GHz.
The SSB phase noise of the generated oscillation signal is evaluated with the signal analyzer. The measured results are shown in Fig. 4 . When the offset frequencies are below 10 kHz, the phase noise is dominated by the EML frequency noise and the flicker noise from PD and electrical amplifiers [21] . Meanwhile, the laser frequency noise is converted to phase noise due to dispersion in SMF1 [20] , which results in fluctuations in the low offset frequency range. It can also be found that there are several spurs at offset frequencies of multiple 200 kHz corresponding to the FSR of the OEO. The SSB phase noise at 10 kHz offset is −109.89 dBc/Hz. This performance can be further improved by using low noise electrical amplifiers or a dual-loop configuration [20] , [21] .
To evaluate the stability of the generated electrical signal, its time jitter, σ j is calculated by integration of the SSB phase noise, (5) where f RF is the frequency of the generated RF signal, and L (f ) is the SSB phase noise spectral density. The integral range is determined by f 1 and f 2 . When the frequency range is from 100 Hz to 1 MHz, the timing jitter is 909 fs and 33 fs from 4 MHz to 80 MHz of the ITU-T specified range [22] . So, it can be seen that the noise at lower offset frequency mainly contributes to the jitter. This timing jitter is higher than that in [23] , and it can be decreased by using of a narrow linewidth EML and a dual-loop configuration, as applied in [23] .
On the other hand, it is notable that the frequency stability of the generated electrical signal with this OEO is also affected by the center frequency drifting of the BPF and the sensitivity of the optical link to the temperature and vibration. A passive cavity BPF is used in our experiments, and its center frequency is insensitive to the temperature, however, the mode hopping exerts an influence on the long-term stability of the OEO for the reason that the bandwidth of the BPF is larger than the mode spacing. Some approaches can be applied to further stabilize the OEO, e.g., using a BPF with a narrower bandwidth and placing this OEO in a temperature controller.
For the parametric frequency mixer, when the power launched into HNLF is 28 dBm, the generated parametric OFC is shown in Fig. 5 . As can be seen, a 10-tone frequency comb with a 5-dB power deviation is achieved. The comb line spacing is equal to the oscillation frequency. The power variation can be improved with precise mixer dispersion engineering, e.g., tension-engineered dispersion management [9] . Also, more comb lines can be generated by increasing the pump power or cascading more stages of parametric frequency mixer. In our study, the evolutions of phase modulated pulses in SMF and HNLF are also simulated by solving nonlinear Schrödinger equation (NLSE) with the split-step Fourier method [24] . The simulation parameters are consistent with those in the experiments. As a comparison, the simulated results are also plotted in Fig. 5 . It can be seen that the experimental results agree well with the theoretical results in the whole. However, the difference between the two results can still be observed, which is mainly resulted from two facts. One is that the noise including that induced by EML linewidth and amplified spontaneous emission (ASE) noise arising from the two EDFAs is not taken into account in the simulation. The other fact is that a deviation is also induced when solving the equation of NLSE with the split-step Fourier method.
On the other hand, it is worth noting that SMF1 in the loop can also be used for pulse compression in the mixer, and this experiment is performed by connecting the 60:40 coupler with the output of SMF1. 40% of the laser is detected with PD, and the 60% is injected into HNLF after amplification with EDFA2. When the pump power launched into HNLF is 28 dBm, the comb shown in Fig. 6 is observed. The power variation in this case is deteriorated, compared with the spectrum in Fig. 5 , though more comb lines are produced within a 10-dB power fluctuation. Similarly, the simulation results are also presented in Fig. 6 , where more obvious deviation between the experimental results and theoretical results is observed. Besides the reasons listed above, the use of a longer SMF1 for pulse compression resulted in a slightly increased deviation when solving NLSE with the split-step Fourier method, and the deviation is increased again when simulating the pulse propagation in HNLF.
To give an insight into the relationship between the spectral flatness and the waveform shape, more simulation results are presented in Fig. 7 . The pulses at the outputs of PM, SMF1 and SMF2 are given in Fig. 7(a) . As expected, the pulses are compressed due to the interaction of chirps and fiber dispersion after propagating in SMF. It can be found that when the 1-km SMF1 in the oscillation loop is used for pulse compression, the pulses shown in dash line have the highest peak power, and all the pulse amplitudes in Fig. 7 (a) are normalized with this peak power. So, owing to the higher the peak power, more comb tones generated in this case. However, pedestals are observed in the compressed pulses for the phase modulated pulses have both positive and negative chirp [25] . And the pedestals result in the spectral ripples in the generated OFC shown in Fig. 6 . Meanwhile, it can also be seen that the compressed pulses are unsymmetrical. This is because the positive chirp of the phase modulated pulses is higher than the negative chirp, as shown in dash dot line in Fig. 7(b) . And this asymmetry in frequency chirp is due to the contribution of EAM plotted in dash line. Here, the frequency chirp is calculated by [26] ν(t) ≡ 1 2π
where ϕ(t) is the electrical field phase of the considered pulses. When the 100-m SMF2 is employed, the pulses shown in the solid line in Fig. 7 (a) are also compressed, compared with those output from PM shown in dash dot line. In this case, no pedestals are observed in the compressed pulses due to a shorter fiber used for the interaction between chirps and dispersion, and the corresponding spectral flatness is improved, as shown in Fig. 5 . This consistency between the time domain and frequency domain can be explained by timeto-frequency (TTF) conversion, which is based on the theory of time-lens, i.e., a quadratic phase modulation in time is an analog of a thin lens in space [27] . According to this theory, when an optical pulse enters a time lens, the amplitude of this pulse is mapped from time domain into frequency domain. So, flat-topped pulses accompanied by a strong linear chirp correspond to a flat frequency comb [28] , [29] . In Fig. 7(a) , parasitic side-lobes with a lower power (dash line) do not experience obvious self-phase modulation and remain the static relative to the main pulse when propagating in HNLF. These static side-lobes interfere with the expanding edges of pulse and cause fast temporal oscillation and excessive chirping [29] . Correspondingly, an excess spectral ripple appears in the entire spectrum range of the parametric OFC. Similarly, ripple-free pulses in time-domain correspond to flat combs in the frequency-domain.
From the discussion shown above, it is implied that a shorter SMF is more suitable for pulse compression in the parametric frequency mixer. However, a longer fiber in the loop contributes to improve the phase noise performance of an OEO in the low frequency part [30] . So, another segment of SMF, i.e., SMF2, is used in our proposed parametric OFC generator. When the length of SMF2 increasing from 100 m to 1 km, the normalized peak power of the compressed pulse is plotted in Fig. 8 . When a 200-m SMF2 is used, the pulses are compressed with a highest peak power. However, in this case small pedestals can still be seen, and their amplitudes increase with the length of SMF2 equal to 200 m, 300 m and 400 m, while no pedestal is observed with the length of SMF2 equal to 100 m, as shown in the insets of Fig. 8 . As discussed above, the pedestals result in the spectral ripples in the generated parametric OFC. So, as a balance between larger pulse peak power and no pedestal, a 100-m SMF2 is used in our experiments for pulse compression.
Conclusion
In summary, we have designed and experimentally demonstrated a self-oscillating parametric OFC generator using an EML-based OEO. The pump seeds for parametric frequency mixing is produced by cascading a PM with the EML in the OEO loop. A 10-GHz oscillating signal with a side-mode suppression radio of 47 dB and a phase noise of −109.89 dBc/Hz at 10 kHz offset is obtained by using this OEO. The parametric frequency mixer is composed of a 100-m SMF and a 200-m HNLF with flat normal dispersion. A 10-tone parametric OFC in the sub-5 dB spectral flatness is experimentally generated when the pump power launched into HNLF is 28 dBm.
